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Any structural transformation of water is sensitive to an external electric field, since water
molecules have dipole moments. We study influence of external uniform electric field on crys-
tallization of supercooled water enclosed between two graphene planes. Crystallization of such the
system is caused by ordinary relaxation of the metastable phase into an ordered (crystalline) phase
and by dipole alignment induced by an applied electric field. We found that this system at the tem-
perature T = 268 K, where water has the density 0.94 g/cm3 and the applied electric field is of the
magnitude E = 0.5 V/A˚, crystallizes into the cubic ice with few the defects, and the crystallization
proceeds over the time scale ∼ 5.0 ns. The obtained results can be directly used to develop the
methods to drive by water crystallization.
I. INTRODUCTION
Understanding the mechanisms of phase transitions in
confined water is one of open problems in condensed mat-
ter physics, which stimulates performance of numerous
experimental, numerical and theoretical studies1–8. So,
investigations of the properties of water in a confinement
attract the special attention of scientists because of its
importance for understanding many biological and ge-
ological processes, such as the microscopic processes in
membranes and cells; transport processes in pores; cap-
illary phenomena; dynamic processes in the depths of
satellites of some planets of the Solar system9,10. Vari-
ous external fields such as the external pressure11,12, ul-
trasound13, electric14–16 and magnetic17 fields can trans-
form the hydrogen bond network and can induce spe-
cific ordered phases in water under confined conditions.
Crystallization of water in a confinement is of a special
interest, because it occurs in a lot of various natural and
technological processes. As an example, global natural
and climatic changes are directly associated with the pro-
cesses of electrocrystallization of water droplets in the
Earth’s atmosphere12,18,19.
Molecular dynamics simulations is a useful tool to ad-
dress the issues related to phase transitions (in particu-
lar, crystallization) at the atomistic/molecular level. The
simulation results for the crystallizing simple monatomic
liquids and amorphous solids complement the experi-
mental findings and provide an excellent basis to de-
velop the microscopic theoretical models of crystal nu-
cleation, crystal growth and overall crystallization20–22.
At present, numerical simulation methods are actively
used to study the phase transitions in complex molecular
systems. The main goal of this work is to clarify the role
of a uniform electric field in crystallization of supercooled
water, that corresponds to the case of the so-called elec-
trocrystallization. We consider the specific case when the
crystallizing system represents an extremely thin layer of
water enclosed between two graphene planes (see Fig. 1).
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Figure 1: Schematic plot of the system under study: super-
cooled water is enclosed between two parallel graphene sheets,
and an external homogeneous electric field is applied to the
system in the lateral direction (Y-axis).
II. THE CONSIDERED SYSTEM AND
SIMULATION DETAILS
The simulation cell is a sandwich consisting of wa-
ter and two parallel graphene planes located on opposite
sides of this cell along the Z-direction. The distance be-
tween the graphene planes is equal to d = 40.38 A˚. The
electric field of the fixed magnitude E = | ~E| = 0.5 V/A˚
is applied along Y -direction. This cell is shown schemat-
ically in Fig. 1. We note that the electric field with
E = 0.5 V/A˚ is strong enough, but it is comparable in
magnitude to that experienced by water molecules near
the surfaces of biopolymers23 and within the cracks of
amino-acid crystals24. Periodic boundary conditions are
applied only along the X and Y directions.
This simulation cell contains 1530 water molecules
and 1152 carbon atoms. The water molecules inter-
act through the Tip4p/Ice potential25, which reproduces
properly the equilibrium phase diagram of water26. The
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2intramolecular bonds and angles are constrained by con-
ditions according to the SHAKE-algorithm27. Interac-
tions between water molecules and carbon atoms is given
by the Lennard-Jones potential28, where the parameters
of the interaction – the effective size and energy - are
given by the Lorentz-Berthelot mixing rule. To take into
account the long-range Coulomb interactions between the
partial charges, we use the PPPM method with the cut-
off radius rc = 13 A˚
29. The locations of carbon atoms
are fixed.
Molecular dynamics simulations were performed in the
NVT ensemble for the system with the temperature
T = 268 K and the mass density 0.94 g/cm3. The Nose-
Hoover thermostat with a damping constant of 1.0 ps
is applied to keep the isothermal conditions30,31. The
sample with the supercooled water at the temperature
T = 268 K was generated by fast cooling with the rate
γ = 1012 K/s from the high-temperature liquid state at
the temperature T = 350 K.
III. RESULTS AND DISCUSSION
As was shown before32, an external electric field can
promote the structural ordering in the similar system
with the polar molecules. When we apply the elec-
tric field of various fixed magnitudes (from E = 0
to E = 1.0 V/A˚) along the lateral direction of the
sandwich-system as shown in Fig. 1, we detect the struc-
tural changes induced by the field, and these structural
changes are accompanied by appearance of a non-zero
polarization vector. In particular, the crystallization in-
duced by the field is directly evidenced by the features
of the radial and angular distribution functions evalu-
ated for the oxygen atoms of the water molecules. The
peaks in these functions become more pronounced, that
is typical for the structural ordering.
In Fig. 2 we present the radial and angular distribution
functions, g(r) and P (θ), for the system, when it is at
rest (E = 0) and when electric field with E = 0.5 V/A˚
is applied. For the case of E = 0.5 V/A˚, the functions
shown in this figure correspond to the state of the system
when it has completely reacted to the imposed electric
field. As seen for this case, long-range correlations in
the radial distribution function g(r) extend up to the
distance ∼ 10 A˚, that is signature of the translational
order. The angular distribution function P (θ) takes the
form of the Gaussian function located at θ ' 108o, that
is typical for the local structures with the tetrahedral
symmetry.
The local structure of the system can be analyzed in
detail using the cluster analysis based on computation of
the orientational order parameters33,34. As was shown
in Ref.35, the local order parameters of the standard
Steinhardt-Nelson-Ronchetti’s scheme33 are not sensitive
to detect the proton-ordered hexagonal (Ih) and cubic
(Ic) ices. For the reason, one use the following set of the
orientational order parameters34, namely, the adopted lo-
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Figure 2: Oxygen-oxygen radial (a) and angular (b) distri-
bution functions for the confined supercooled water at the
temperature T = 268 K and density of 0.94 g/cm3 without
electric field (E = 0) and with electric field of the magnitude
E = 0.5 V/A˚.
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Figure 3: Time dependence of the global orientational order
parameters Q¯4 and Q¯6 evaluated for the considered system
under applied electric field (see discussion in the text).
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3Figure 4: Distributions of the local order parameters q¯4 and
q¯6 evaluated for the system at rest and for the system with
applied electric field (see discussion in the text). Panel (a)
corresponds to the distribution P (q¯4), and panel (b) shows
results for the distribution P (q¯6).
and
l = 2, 4, 6, . . . .
In Eqs. (1) and (2), the quantity n
(i)
b is the number of
neighbors of an ith molecule; Ylm(θij , ϕij) are the spher-
ical harmonics; θij and ϕij are the polar and azimuthal
angles, respectively. The local order parameter q¯l(i) is
evaluated for each particle of the system (of an instanta-
neous configuration). Then, the distribution of the pa-
rameter P (q¯l(i)) must have the specific forms for differ-
ent crystalline phases and a disordered phase. The order
parameters Q¯l with l = 4, 6, 8, ... take unique values for
the specific crystalline structures, and, therefore, values
of these parameters allow one on the basis of the known
coordinates of all the molecules to identify the symmetry
of the arrangement of these molecules33. For example,
the parameter Q¯4 takes values 0.259 and 0.506 for the
perfect proton-ordered hexagonal and cubic ice of low
density, respectively. For a fully disordered system, one
has Q¯4 → 0. Further, the parameter Q¯6 is not sensitive
to recognize whether there is hexagonal or cubic ices, but
it takes different values for the crystalline ices and wa-
ter36.
Let us now present results for the system with applied
electric field E = 0.5 V/A˚. In Fig. 3, we present time de-
pendence of the global order parameters Q¯4(t) and Q¯6(t).
As seen, these parameters demonstrate sharp increase
within a nanosecond scale and the subsequent smooth
saturation to values Q¯4 = 0.35 and Q¯6 = 0.175. Thus,
the quasi-equilibrium state is achieved over the time scale
τ ≈ 5 ns. It is remarkable that value of the parame-
ter Q¯4(t) for this quasi-equilibrium state is larger than
Q¯
(Ih)
4 = 0.259, but lesser than Q¯
(Ic)
4 = 0.506. This can
Figure 5: Instantaneous snapshots of the simulation cell with
the supercooled water (a) and with the quasi-equilibrium
state obtained with the applied external electric field (b).
indicate that the obtained phase is an ordered one. We
suppose that there are two alternatives: this phase can
represent a cubic ice with defects or a mix of cubic ice
and hexagonal ice.
In Fig. 4, we present the distributions P (q¯4) and P (q¯6)
of local order parameters for the system with applied
electric field for the time moment t = 14 ns, i.e. when
a quasi-equilibrium state is achieved. As seen, both the
distributions are located at values of the order parame-
ters larger then for the case of a disordered system, that
is typical for an ordered phase. On the other hand, both
the distributions are not symmetric and have shoulders
at low values of the order parameters corresponding to a
disordered system.
Not large size of the simulation cell allows one to per-
form direct visual inspection of the structure obtained
(Fig. 5). The hexagonal channels typical for the cu-
bic ice in the crystallographic [111]-direction are clearly
seen in snapshot given in Fig. 5(b). Thus, due to the
applied field, the system form high-polarized cubic ice.
This is remarkable for the following reason. Accord-
4ing to the equilibrium phase diagram of bulk water, for
the given density/temperature thermodynamic state, the
hexagonal ice structure is the most stable. The phase
of the cubic ice appears only for the low temperatures
T ∈ [123; 153] K at ambient pressure. In this regard we
note that both the crystalline phases - Ic and Ih - are
similar and have an almost perfect tetrahedral geome-
try37. Moreover, the basal (001)-plane of ice-Ih and the
(111)-plane of ice-Ic are identical. Under the certain con-
ditions, the cubic ice recrystallizes into the hexagonal ice,
that was experimentally observed (see Ref.12). Finally,
as was mentioned in Ref.38, the cubic ice is actually the
more stable crystalline phase for water confined in pores
or bewteen the thin films of the linear size of the confine-
ment ∆z ≤ 100 A˚. This is in agreement with the results
of this study.
IV. CONCLUDING REMARKS
The electromagnetic field is one of the factors by means
of which the structural and dynamical properties of water
can be modified39. In this study we have shown that the
electric homogeneous field has direct impact on water
crystallization. Namely, this field promotes the struc-
tural ordering of water confined between two graphene
layers and favors to formation of the high-polarized phase
of the cubic ice. The given results can be useful for de-
velopment of the methods to drive by the crystallization
of water in confined geometry that is of great importance
in biology, medicine, physiology and geology.
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